Background: Hypoxia and the subsequent activation of hypoxia-inducible factor-2a (HIF2a) contribute to the progression of a variety of cancers. However, their role in the generation of renal cell carcinoma-derived stem cells has not been fully addressed.
Renal cell carcinoma (RCC) is the most common epithelial malignancy of human adult kidneys (McLaughlin and Lipworth, 2000; Siegel et al, 2012; Khan et al, 2013) . Approximately 30% of RCC patients present metastatic disease with a 5-year survival probability of 10%. This is owing to the high incidence of toxic effects and resistance to therapies (Ljungberg 2004; Siegel et al, 2012) . Therefore, identifying novel targets is required for future therapeutic interventions.
Increasing evidence suggests that the presence of a small minority of cells within tumours termed tumour-initiating cells or cancer stem cells (CSCs) might be a reason for this resistance (Reya et al, 2001; Zhou et al, 2009; Vermeulen et al, 2012; Khan et al, 2013) . This small subset of cancer cells has been identified in many solid tumours, including the brain (Singh et al, 2003; Clarke et al, 2006) , breast (Al-Hajj et al, 2003) , and colon (Ricci-Vitiani et al, 2007; Kaur et al, 2014) . The CSCs show a high self-renewal capacity, as demonstrated by the growth of tumour spheres in vitro and the tumorigenic and metastatic potential following inoculation into non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice (Pan et al, 2010) .
The CSCs have also been identified and isolated from RCC patients and cell lines using several stem cell markers, including the chemokine receptor CXCR4 (Zagzag et al, 2005; Gelmini et al, 2008; Gassenmaier et al, 2013) , CD105 (Bussolati et al, 2008) and aldehyde dehydrogenase 1 (ALDH1) (Ueda et al, 2013) . Among these, CXCR4-positive cells exhibited great resistance to tyrosine kinase inhibitors and expressed other 'stemness'-associated genes. Notably, surgical biopsies of RCC patients confirmed that the high expression of CXCR4 has significant prognostic value and therapeutic importance (D'Alterio et al, 2010) . However, further characterisation of CSCs is required to fully assess the role of these cells in RCC genesis and their impact on cancer therapy.
Recent findings showed that the hypoxia-inducible factors (HIFs), HIF1a and HIF2a in particular, could promote the generation of CSCs (Heddleston et al, 2009) . HIF2a has been shown to activate Oct4 and control primordial germ cells (Covello et al, 2006) . HIF1a can also regulate the stem cell properties of colon and breast cancer cells (Chiavarina et al, 2012) . In RCCs, clinical data indicated that HIF2a overexpression was associated with disease progression and mortality whereas HIF1a expression was silenced secondary to von Hippel-Lindau (VHL) mutations that occurred in over 90% of clear cell RCCs (Kaelin, 2008; Keith et al, 2012) . However, how HIFs contribute to CSCs generation in RCC is not fully understood.
Here, we show that tumour spheres with self-renewal capacity from some RCC cell lines could be a source for enrichment of renal CSCs. Moreover, HIF2a is essential in the induction of CSC-like properties through CXCR4 expression. Altogether, our data suggest that future therapies could combine blockade of the HIF2a signalling pathway with molecular therapies for more effective treatments of metastatic RCC.
MATERIALS AND METHODS
Antibodies and reagents. Antibodies purchased for these studies included HIF1a (Chemicon MAB5382, Darmstadt, Germany), HIF2a (Origene TA309641, Rockville, MD, USA) and CXCR4 (Biorbyt orb74308, Cambridge, UK). Other purchased reagents included a CXCR4 inhibitor (AMD3100; Sigma A5602, St Louis, MO, USA), biotinylated anti-rabbit IgG (BA-1000), biotinylated anti-goat IgG (BA-5000), and Vectastain ABC Kit (Vector Laboratories, Burlingame, CA, USA), Texas Red Conjugated goat Anti-Rabbit IgG (Thermo Scientific 31506, Waltham, MA, USA) and FITC-rabbit IgG (Sigma F9887).
Cell lines. Human RCC cell lines (786-O, Caki-1, 769-P, and Caki-2) were obtained from the American Type Culture Collection (ATCC). The cell lines 786-O and 769-P were grown in RPMI-1640, whereas Caki-1 and Caki-2 were grown in McCOY's 5A supplemented with 10% FBS at 37 1C in a humidified 5% CO 2 -containing atmosphere. To obtain chemical hypoxia, a concentration of 500 mM cobalt(II) chloride (CoCl 2 ; Sigma 409332) was added to the medium, and the cells were treated for 24 h.
Sphere formation assay. As reported by Zhong et al (2010) , single cells were seeded on ultra-low attachment plates (Corning, Corning, NY, USA) at a concentration of 2 Â 10 5 cells ml À 1 in serum-free medium (DMEM/F12) supplemented with B27 (Gibco 17504-044), EGF (20 ng ml À 1 , PeproTech AF-100-15) and FGF (20 ng ml À 1 , PeproTech 100-18B). The growth factor-responsive cells proliferated and formed floating spheres, whereas most of the differentiated cells rapidly died. The first generation spheres were collected after 7 days of culture. Spheres were dissociated into a single-cell suspension with trypsin and were then cultured again to promote further generations. After 14 and 21 days, we collected the second-and third-generation spheres, respectively, to study selfrenewal capacity. The second generation cells were used for RT-PCR and in vitro assays. To analyse the cell viability before each experiment, the number and size distribution of cells were measured with a portable cell counter, Scepter Handheld Automated Cell Counter (PHCC20060 Scepter, Merck Millipore, Billerica, MA USA).
Differentiation assay. For adipogenic differentiation, spherederived cells from 786-O, 769-P, Caki-2, and Caki-1 were seeded at 5 Â 10 4 on six-well plates in adipogenic medium containing complete RPMI-1640 or McCOY's 5A with 2 mM L-glutamine, 100 U ml À 1 penicillin, 100 mg ml À 1 streptomycin, and 10% FBS supplemented with 0.5 mM dexamethasone, 5 mg ml À 1 insulin, 0.2 mM indomethacin, and 0.45 mM isobutylmethylxanthine (Sigma-Aldrich, St Louis, MO, USA). Adipogenic medium was changed twice a week until the end of the experiment. The cell lines 786-O, 769-P, Caki-2, and Caki-1 were cultured in complete RPMI-1640 and McCOY's 5A, respectively, or without adipogenic supplements as a control.
Flow cytometry. To analyse the expression of CXCR4 in 786-O and Caki-1 by flow cytometry, cells were washed twice with icecold PBS and then incubated with the FITC-conjugated primary antibody for 30 min on ice. Cells were then washed twice with PBS and were analysed using a FACSCalibur flow cytometer (BD Pharmingen, Erembodegem, Belgium).
RT-PCR analysis. Total RNA was isolated from spheres and adherent cells by the Qiagen RNase Extraction Kit (Qiagen 74104, Milan, Italy). We used 500 ng of total RNA from each sample for cDNA synthesis by reverse transcription (RT) with the Fermentas kit (#K1631) in a total volume of 20 ml. We used 0.5 ml of RT product for real-time PCR using the SYBR Green method. As a housekeeping gene, b-actin was used. The genes studied were CXCR4, SDF-1, VEGF, Nanog, CD44, CD105, Oct4, CD133, and ALDH with the following primers: CXCR4 forward 5
Western blot. Whole-cell lysates from spheres and adherent cells from 786-O and Caki-1 were obtained with RIPA buffer containing a protease inhibitor cocktail. Proteins were resolved on 10% SDSpolyacrylamide gels and electroblotted onto nitrocellulose membranes. After transfer, blocking of unspecific binding sites was achieved by incubation in PBS-Tween containing 5% skimmed milk. For the incubation steps with primary and HRP-conjugated secondary antibodies, the antibody concentration was used as recommended by the manufacturer. Detection was performed using an ECL kit (Merck Millipore).
Transfection with shRNA plasmids. Cells were grown on six-well plates in normal growth medium without antibiotics, and the X-tremeGENE HP (Roche, Milan, Italy) transfection reagent at a ratio 3:1 (ml reagent per mg DNA) was used as suggested by the manufacturer. HIF2a-shRNA was obtained from OriGene TG315484; we used 1 mg. The efficacy of transfection was analysed 24 h post transfection and was confirmed by GFP fluorescence. Seventy-two hours after transfection, we added puromycin (1 mg ml
) to obtain a stable culture.
Tumour induction in NOD/SCID mice. Before subcutaneous injection in NOD/SCID mice, spheres were dissociated to single cells through enzymatic and mechanical dissociation and were then resuspended in PBS. We performed two limited dilutions in in vivo experiments: in the right flank of two different mice, we injected 5 Â 10 4 and 3 Â 10 6 sphere-derived cells, and in the other flank, we injected the same number of adherent cells (both 786-O and Caki-1).
In a second experiment, we injected 3 Â 10 6 786-O sh-Empty cells in the right flank, and we injected the same amount of 786-O sh-HIF2a in the other side. In the last in vivo experiment, we injected 5 Â 10 4 786-O sh-Empty sphere-derived cells in the right flank, and we injected the same number of 786-O sh-HIF2a sphere-derived cells in the other flank. Injection was performed in mice that were anaesthetised with 2,2,2-tribromoethanol (Sigma 90710) 97%. Tumour growth was monitored weekly, and tumour size was measured using a digital calliper; the volume was calculated as 4/3 pr 3 .
Immunohistology. We sequentially incubated 4-mm sections in xylene (5 min twice), 100% ethanol (5 min), 95% ethanol (5 min), 70% ethanol (5 min), and then water. Subsequently, the sections were antigen-retrieved using 0.25 mM EDTA buffer (pH 6.0 Dako) in a steamer for 20 min and then cooled to ambient temperature. Sections were then washed with PBS and quenched with 3% hydrogen peroxide in methanol for 10 min, blocked for avidin/ biotin activity and incubated with primary antibodies as follows: for HIF1a (1:500), HIF2a (1:500), and CXCR4 (1:1000), the sections were incubated at 4 1C overnight. After primary antibody incubation, the sections were washed with PBS, incubated with biotinylated anti-rabbit or biotinylated anti-goat IgG (1:200) for 30 min and then washed and incubated with ABC-horseradish peroxidase. Antibody binding was visualised with diaminobenzidine and counterstained with haematoxylin. Finally, the sections were dehydrated through graded alcohol, cleared in xylene, and cover-slipped.
Analysis of expression data of HIF2a and CXCR4 in human renal cancer. For the human gene expression data, we took advantage of the publicly available gene expression data sets in the NextBio Research bioinformatics tool. We searched for gene names in the 'Disease Atlas' section and used a filter to select RNA selection studies in human kidney cancers.
Statistical analysis. The data are expressed as the mean ± s.d. Significant differences between groups were analysed using Student's t-test. The difference was considered statistically significant at a P valueo0.05. To obtain comparable results, the data of at least three mice from each group were used in the statistical analysis.
RESULTS
Characterisation of a panel of human RCC cell lines grown in non-adherent conditions. We used a panel of clear cell-RCC (CC-RCC) cell lines, including Caki-1, 769-P, 786-O, and Caki-2 (Shinojima et al, 2007) . As described in the Sanger Institute COSMIC database, Caki-1 cells were wild type, whereas the other cell lines were mutated for the VHL gene. Moreover, Caki-1 cells showed HIF1a expression only when they were treated with the hypoxia-mimetic agent cobalt(II) chloride (CoCl 2 ), whereas 769-P and Caki-2 cells showed basal expression of HIF1a (data not shown). No expression of HIF1a was observed in 786-O, which was consistent with a report showing that 786-O is a VHLdeficient RCC cell line that constitutively expressed only HIF2a (Soeda et al, 2008; Supplementary Figure S1) . We analysed the self-renewal capacities of these cells by performing a sphere-forming assay (Keith and Simon, 2007) . We found that 786-O and Caki-1 cell lines have sphere-forming abilities compared with 769-P and Caki-2 which are not able to form the three-dimensional structures that are ascribable to spheres ( Figure 1A ). To test whether the sphere-derived cells have stem/progenitor properties, we performed a differentiation assay based on cultivating cells for 10 days in differentiating conditions, such as the presence of adipogenic medium. Sphere-derived cells from the Caki-1 and 786-O cell lines were able to differentiate into adipocytes, in contrast to 769-P and Caki-2 cells ( Figure 1B) , which suggests that Caki-1-and 786-O-derived spheres showed a CSClike phenotype that was independent of VHL and HIF1a status.
To further characterise the phenotype of the CSC-like subpopulation, we performed real-time PCR analysis of sphere-derived mRNAs with a series of markers associated with stem/progenitor and cancer cells. Propagation in non-adherent condition led to an increase in the number of cells bearing CXCR4 and its ligand SDF-1 in both 786-O-and Caki-1-derived spheres, with an increase in Nanog-expressing cells observed only in 786-O-derived spheres ( Figure 1C) . No significantly increased expression in stem cell markers was observed in the Caki-2 and 769-P cell lines (data not shown). Flow cytometry (FACS) analysis confirmed the enhanced proportion of CXCR4-positive cells in both 786-O-and Caki-1-derived spheres compared with the same cell lines cultured in adhesion (Supplementary Figure S2) . These results showed that the sphere-forming assay preferentially expands a CXCR4-positive subpopulation of RCC cells with CSC-like properties.
We then used the CXCR4 inhibitor (AMD3100) at a concentration of 10 mM to further investigate the role of CXCR4 in promoting the sphere-forming capacity of both 786-O and Caki-1 RCC cell lines. Inhibition of the CXCR4 pathway markedly inhibited the expansion of CSC-like cells ( Figure 1D ). These data suggest that inhibiting the CXCR4 signalling pathway may attenuate the expansion of CXCR4-positive RCC cells with CSCs properties.
786-O and Caki-1 sphere-derived cells demonstrate increased tumorigenicity. To analyse the tumorigenicity of the RCC cells that had undergone CSC-like properties, we injected spherederived cells in limiting dilutions into subcutaneous sites of NOD/SCID mice. All the mice that were injected with 5 Â 10 4 cells derived from spheres of 786-O cells formed tumours, whereas no masses occurred when an equal number of cells derived from standard culture conditions were injected in the other flank of the same mouse (Table 1 ). In fact, 3 Â 10 6 of the parental cells (grown under adherent conditions) were required to initiate tumour formation. Similarly, sphere-derived Caki-1 cells at a density of 5 Â 10 4 formed tumours, whereas Caki-2 cells did not (Table 1) . Therefore, the sphere-forming assay significantly increased (by approximately two orders of magnitude) the number of tumourinitiating cells. Notably, the histology of the tumours developed from the cells derived from spheres appeared to be similar to that of the tumours formed by the parental cells inoculated at high density. However, tumours derived from 786-O spheres present higher expression of both CXCR4 and HIF2a (Supplementary Figure S3 ) than tumours derived from adherent cells where we found a not detectable or very low expression of both. It can be owing to the strong dilution of CSC subpopulation in 786-O adherent cell-derived tumours.
CSCs-like RCC cells expressed HIF2a. Because HIFs are important transcription factors that are involved in cancer progression, we hypothesised that RCC cell lines may acquire CSCs-like properties and the expression of CXCR4 by stabilising HIF2a expression. In tumour spheres derived from Caki-1 and 786-O cells, we found a high expression of HIF2a by western blotting (Figure 2A) . Interestingly, there was no difference in HIF1a expression. Moreover, because vascular endothelial growth factor (VEGF) is an important target gene that is involved in the angiogenic response to HIFs, we determined the VEGF mRNA level in sphere-derived cells by real-time PCR. The VEGF mRNA level was nearly threefold higher in sphere-derived cells than in cells cultured under adherent conditions ( Figure 2B ), suggesting HIF2a stabilisation and activation in tumour spheres.
The different involvement of HIFs was also confirmed by histological analysis of subcutaneous tumours as previously described. As reported in Figure 2C , in both 786-O and Caki-1 sphere-derived tumours, we observed an absent or low expression of HIF1a (right panels) in favour of the intense expression of HIF2a (left panels).
HIF2a is important for tumour formation. We used a stable knockdown approach to further investigate the role of HIF2a in promoting the sphere-forming capacity of CSCs-like RCC cells. The transfection of 786-O cells with a plasmid containing a short hairpin RNA for HIF2a (sh-HIF2a) abrogated the expression of HIF2a as analysed by western blotting ( Figure 3A) . However, shHIF2a-transfected 786-O cells showed a progressive reduction in the number of sphere initiating cells in serially passaged cultures ( Figure 3B ) without altering their proliferation in adherent conditions (data not shown). When we injected 3 Â 10 6 786-O cells transfected with sh-HIF2a into NOD/SCID mice, we revealed a marked decrease in tumour volume compared with the masses from 786-O cells transfected with the control sh-Empty vector. These results are shown in a qualitative and quantitative representation in Figure 3C and Table 2 , respectively. Moreover, no tumours occurred when 5 Â 10 4 sphere-derived cells transfected with sh-HIF2a were injected into mice (Table 2) . Overall, these findings suggest that HIF2a increases cellular plasticity and shifts the dynamic equilibrium in cancer cells with non-stem properties towards stem cell properties. Moreover, the inhibition of HIF2a may have a great impact on cancer therapy.
HIF2a pathways interact with CXCR4 signalling in human RCC. To further understand the role that HIF2a had in the CSCs phenotype maintenance and its possible interaction with CXCR4 signalling, we examined the effects of the stable knockdown of HIF2a on CXCR4 expression. We found that HIF2a stable knockdown in 786-O cells specifically impaired CXCR4 and VEGF mRNA expression by at least 50% compared with the control cells ( Figure 4A ). Consistently, the protein level of CXCR4 was strongly reduced during HIF2a inhibition ( Figure 4B ), suggesting that the HIF2a signalling pathway promotes the expansion of CXCR4-positive RCC cells with CSCs properties. To substantiate these observations in human settings, we investigated HIF2a expression and its correlation with CXCR4 taking advantage of the NextBio bioinformatics tool. We used the 'Disease Atlas' section to value the gene expression analysis of human renal tumours. Gene analysis revealed a strong connection of HIF2a expression and RCC subtypes ( Figure 4C ). An apparent increase in the expression of CXCR4 gene was also observed while only 3 out of 20 of clear cell RCC that express HIF2a, showed a downregulation of CXCR4 ( Figure 4D ). These observations suggest that HIF2a may be associated with CXCR4 in human clear cell RCC.
DISCUSSION
Cancer cells with CSCs-like properties are known to drive tumour progression and metastasis. Consistently, the number of markerpositive stem cells identified by immunohistology was found to correlate with a poorer prognosis in cancer patients Su et al, 2010; Zhang et al, 2012; Nakata et al, 2013) . CSCs have also been identified and isolated from RCC patients and cell lines using several putative stem cell markers such as CD105 (endoglin), the intracellular aldehyde dehydrogenase 1 (ALDH1) activity, or the chemokine receptor CXCR4 (Bussolati et al, 2008; Gassenmaier et al, 2013; Ueda et al, 2013) . On the basis of these different molecules, which are expressed on the cell surface, CSCs can be involved in specific mechanisms of tumorigenesis. Indeed, CSCs expressing CD105 appear to be important in tumour angiogenesis (Nassiri et al, 2011) . Cancer cells with high ALDH1 activity have the great potential to function as CSCs in metastatic RCC cell lines (Ueda et al, 2013) . Moreover, RCC cell lines derived from the metastatic site were found to be enriched in CXCR4-positive cells, and these cells showed a higher sphere-forming ability, selfrenewal capacity and tumorigenicity (Gassenmaier et al, 2013) . Surgical biopsies of RCC patients confirmed that high expression of CXCR4 has a significant prognostic value and therapeutic importance (D'Alterio et al, 2010). However, CXCR4 gene Adherent-derived cells (3 Â 10 6 ) 3/3 2/3 209 ± 6 4 . 1 ± 1
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expression did not separate the three most common RCC histologic subtypes: clear cell, chromophobe, and papillary RCC (Cairns, 2010) . Therefore, it is important to identify in each RCC subtype the deregulated molecular pathways that are involved in the generation of CXCR4-positive cells. The most common RCC histological type is clear cell carcinoma, also called conventional RCC, which represents 75%-80% of RCC. LOH of 3p and point mutation of VHL are frequent and early in clear cell RCC (Cairns, 2010) . Biallelic VHL inactivation leads to an increased abundance of HIF1a and HIF2a, and compelling evidence suggests that HIF2a, rather than HIF1a, promotes pVHLdeficient RCC tumorigenesis (Baldewijns et al, 2010) The major goal of our study was to identify RCC cancer cells with different sphere-forming abilities that were preferentially altered in pVHL, HIF1a, or HIF2a. This analysis gave us a unique opportunity to probe the novel molecular pathways involved in the generation of cancer cells with CSCs-like properties. Here, we demonstrated that HIF2a expression was elevated in spherederived cells, and we propose that HIF2a-dependent signalling preferentially promoted a CSC-like phenotype involved in tumour initiation and progression of conventional RCCs.
HIF1a and HIF2a have 48% amino acid sequence identity and similar protein structures but are non-redundant in function because they have distinct target genes and mechanisms of regulation (Koh and Powis, 2012) . Intriguingly, it appears that in some cell lines, HIF1a is most active during short periods (2-24 h) of intense hypoxia or anoxia (o0.1% O 2 ), whereas HIF2a is active under mild or physiological hypoxia (o5% O 2 ) and continues to remain active even after 48-72 h of hypoxia (HolmquistMengelbier et al, 2006) . Hence, in certain contexts, HIF1a drives the initial response to hypoxia, but during chronic hypoxic exposure, it is HIF2a that has the major role in driving the hypoxic response (Holmquist-Mengelbier et al, 2006; Koh et al, 2011) . This HIF 'switch' results in HIF1a and HIF2a playing divergent but complementary roles under both physiological and pathophysiological conditions (Koh and Powis, 2012 canonical signalling. One possibility is the existence of a link between epidermal growth factor receptor (EGFR) signalling and oxygen-independent HIF2a upregulation in RCC cells. Previous studies have shown that the EGF receptor signalling pathway is usually deregulated in cancer and is suggested to have an important role in RCC (Dias et al, 2013) . During sphere culture, EGF stimulates HIF2a protein expression (our unpublished data); this may be achieved by the phosphoinositide 3-kinase/AKT pathway. Obviously, this possibility needs to be examined to better understand the mechanism of the conversion of non-CSCs into CSCs.
To characterise RCC-derived CSCs, we analysed seven putative CSC markers, and CXCR4 was found to be the most expressed. Previous studies in colon cancer cells showed that CXCR4 expression is regulated by hypoxia and HIFs (Romain et al, 2014) , but a direct connection among HIF2a, CXCR4 signalling, and RCC-derived CSCs was previously lacking. Significantly, after HIF2a knockdown, CXCR4 expression and enrichment in the CSC population were almost entirely lost. This emphasises that coactivation of both HIF2a and CXCR4 leads to the acquisition of a CSC phenotype. Given that poor clinical prognosis was associated with elevated CXCR4 expression in RCC, it is possible that tumour cells with high levels of CXCR4 expression and activation of HIF2a are more resistant to conventional therapies that lead to more prevalent rates of relapse. Hence, understanding how CSCs are regulated by HIF2a and CXCR4 activation is crucial if they are to be targeted for therapy.
